During studies of unconventional natural gas reservoirs of Silurian and Ordovician age in the northern Appalachian basin we observed complete reversal of the normal trend of carbon isotopic composition, such that d 13 C methane (C 1 ) >d
a b s t r a c t
During studies of unconventional natural gas reservoirs of Silurian and Ordovician age in the northern Appalachian basin we observed complete reversal of the normal trend of carbon isotopic composition, such that d 13 C methane (C 1 ) >d 13 C ethane (C 2 ) >d 13 C propane (C 3 ). In addition, we have observed isotopic reversals in the d 2 H in the deepest samples. Isotopic reversals cannot be explained by current models of hydrocarbon gas generation. Previous observations of partial isotopic reversals have been explained by mixing between gases from different sources and thermal maturities. We have constructed a model which, in addition to mixing, requires Rayleigh fractionation of C 2 and C 3 to cause enrichment in 13 C and create reversals. In the deepest samples, the normal trend of increasing enrichment of 13 C and 2 H in methane with increasing depth reverses and 2 H becomes depleted as 13 C becomes enriched. We propose that the reactions that drive Rayleigh fractionation of C 2 and C 3 involve redox reactions with transition metals and water at late stages of catagenesis at temperatures on the order of 250-300°C. Published ab initio calculated fractionation factors for C-C bond breaking in ethane at these temperatures are consistent with our observations. The reversed trend in d 2 H in methane appears to be caused by isotopic exchange with formation water at the same temperatures. Our interpretation that Rayleigh fractionation during redox reactions is causing isotopic reversals has important implications for natural gas resources in deeply buried sedimentary basins.
Published by Elsevier Ltd.
Introduction
Natural gas is the cleanest, least carbon intensive fossil fuel. Increasing demand for natural gas has lead to discovery and exploitation of a range of unconventional gas accumulations such as basin center gas, tight gas sands, fractured reservoirs, coalbed methane and shale gas. Our concepts of the geochemistry of the origin and distribution of hydrocarbon gases are based on many years of empirical observations (Schoell, 1983) , laboratory experiments (Behar et al., 1992; Berner et al., 1995; Lorant et al., 1998) and theoretical modeling (James, 1983; Chung et al., 1988; Rooney et al., 1995; Tang et al., 2000) of systematic variations in molecular and carbon and hydrogen isotopic compositions as a function of thermal maturity in deep basins or microbial processes at shallow depths. Most field and laboratory observations and all theoretical models of kinetic isotope effects (KIEs) yield a normal sequence of carbon isotopic compositions with d 13 C methane (C 1 ) <d 13 C ethane (C 2 ) <d 13 C propane (C 3 ) and <d 13 C butane (C 4 ) observed in natural gas accumulations worldwide.
As exploration has shifted to unconventional gas accumulations, a small number of studies (Jenden et al., 1993; Laughrey and Baldassare, 1998; Burruss and Ryder, 2003) have begun to report reversals in the normal sequence of isotopic compositions. Most previous studies report partial reversals in which d 13 C 1 > d 13 C 2 or d 13 C 2 > d 13 C 3 . During studies on gas accumulations in tight gas sandstone (Burruss and Ryder, 2003) and fractured hydrothermal dolomite reservoirs in the northern Appalachian Basin, USA, (Laughrey and Kostelnik, 2007) we discovered that all reservoirs with present day depths >3 km have hydrocarbon gases with d 13 C fully reversed such that d 13 C 1 > d 13 C 2 > d 13 C 3 and in some of the deepest samples, the hydrogen isotopic compositions (d 2 H) of C 1 and C 2 are also reversed.
Current models of hydrocarbon gas generation cannot explain the isotopic reversals we observe in the Appalachian Basin. Previous work described the origin of partial isotopic reversals by mixing between gases from different sources, including abiotic sources, and sources at different levels of thermal maturity (Jenden et al., 1993; Dai et al., 2004; Huang et al., 2004) . Observations of partial reversals in gases from mineral exploration boreholes in 0146-6380/$ -see front matter Published by Elsevier Ltd. doi:10.1016/j.orggeochem.2010.09.008 crystalline Precambrian rocks (Sherwood Lollar et al., 2002 , 2006 and in gases discharging from onshore and offshore geothermal systems (Des Marais et al., 1981; Proskurowski et al., 2008) has raised the possibility of an abiotic source from mineral catalyzed reduction of CO 2 with H 2 or polymerization of CH 4 (Sherwood Lollar et al., 2002 . It is also known that oxidative destruction of hydrocarbon gases either microbially (James and Burns, 1984; Chung et al., 1988) or by thermochemical sulfate reduction (Krouse et al., 1988) can lead to partial reversals in isotopic composition.
In this paper we describe the stable isotope geochemistry of natural gases in reservoirs within lower Paleozoic strata of the northern Appalachian Basin. We explain the origin of the isotopic reversals in the deepest samples with a model that includes mixing of gases, Rayleigh-type fractionation of the isotopic compositions of C 2 and C 3 , and late stage generation of methane during maximum burial. High temperatures and mineral-fluid reactions during maximum burial appear to have been high enough to cause isotopic exchange between CH 4 and H 2 O, leading to reversals in isotopic trends with depth and the d 2 H reversal between C 1 and C 2 . Simultaneous reversals in d
13

C and d
2 H between hydrocarbon gases may be an important signal of limits to stability of hydrocarbon gases in deep basins. If our interpretation is correct, then observation of isotopic reversals during exploration of unconventional natural gas plays may be an indicator of the possibility that the play is approaching the maximum limit of stability of hydrocarbons in the basin.
Geologic setting and samples
2.1. Geologic setting 2.1.1. Petroleum geology The principal gas-producing region of the north and central Appalachian foreland basin (Fig. 1 ) encompasses a broad area between the structural Allegheny front on the east, the Cincinnati and other contiguous arches on the west, the Canadian shield on the north and a somewhat ambiguous boundary on the south where the basin narrows between the Pine Mountain thrust and the Nashville Dome in northern Tennessee and southern Kentucky (Schumaker, 1996) . The rocks within this area are relatively undeformed; structures consist of detached folded rocks above buried, blind thrusts in the eastern portion of the foreland basin, west of the Allegheny front, in West Virginia, Maryland and Pennsylvania. Folding decreases west and northwest from the front into New York, Ohio, Kentucky and Tennessee until the northwest flank of the Appalachian Basin becomes a gently south-eastward dipping homocline. Significantly deformed sedimentary rocks of the Ridge and Valley and Great Valley physiographic provinces, which lie between the Precambrian rocks of the Blue Ridge and the Allegheny front, comprise the Appalachian thrust belt. Rocks of the thrust belt extend along the full length of the Appalachian orogen, but only produce minor amounts of natural gas. Three major tectonic events created or influenced structures in the Appalachian basin: the Grenville orogeny ($900 Ma); Iapetian rifting ($570 Ma); and the Alleghanian orogeny ($275 Ma). The Grenville orogeny and Iapetian rifting predate the formation of the Appalachian foreland basin, but reactivation of basement structures formed during these earlier deformations influenced most subsequent geologic events, including the distribution of petroleum in the basin (Schumaker, 1996) . With the exception of widely scattered, small and localized igneous intrusions of Mesozoic age, all of the rocks of the Appalachian foreland basin consist of Paleozoic sediments. The lithostratigraphic successions of the Appalachian Basin are comprised of a variety of carbonates, evaporates and siliciclastic rocks ranging in age from Cambrian to Permian (Fig. 2) . Numerous regional coal beds are important in Pennsylvanian and, to a lesser extent, in Mississippian and Devonian rocks. Quaternary glacial deposits are largely restricted to the northern portions of the basin. The Paleozoic rocks of the Appalachian Basin overlie a Precambrian basement that consists of highly metamorphosed rocks of the Grenville Province.
The hydrocarbons analyzed in this study were generated from organic matter in the Utica Formation of Middle Ordovician age and its stratigraphic equivalents, the Antes, and Point Pleasant shales (Fig. 2, Ryder et al., 1998; Swezey, 2002) . Sedimentary organic matter in rocks of this age is commonly enriched in the remains of the organism Gloeocapsamorpha prisca (G. prisca) which can have d 13 C = À34‰ to À26‰ (Hatch et al., 1987; Mastalerz et al., 2003) . Hydrocarbons generated from rocks rich in G. prisca have a similar range of isotopic compositions (Hatch et al., 1987) . Present day total organic carbon (TOC) in the Utica, Antes and Point Pleasant shales averages 1.8% and the genetic potential averages 6.4 mgHC/g rock (Ryder et al., 1998) . The shales cover an area of $106,149 km 2 in the basin. The Utica, Antes and Point Pleasant shales are mature with respect to oil throughout central and eastern Ohio and become post mature down dip into Pennsylvania, New York and West Virginia (Rowan, 2006) . These rocks are exploited as thermogenic shale gas reservoirs in Ohio, Pennsylvania and New York. Most of the lower Palaeozoic gas samples we discuss in this paper were collected from unconventional fractured carbonate and tight sandstone reservoirs of Ordovician and Silurian age. However, three gas samples were collected from thermogenic shale gas producing zones in the Ordovician Utica and Point Pleasant shale source rocks.
Reservoirs in the Middle Ordovician Trenton and Black River carbonates (Fig. 2) produce petroleum from dolomitized zones in marine limestones. The dolomitized zones occur around strike-slip faults visible on seismic data that appear controlled by basement structure. The dolomitized zones contain hydrothermal matrix and saddle dolomite formed from hot (100-160°C), saline (13-17 wt% salinity) Fe and Mn rich brines that migrated through fractures associated with these faults (Patchen et al., 2006) . The Upper Ordovician Bald Eagle Sandstone (Fig. 2 ) produces natural gas from vertical to subvertical fracture sets developed parallel to fold axes on the Appalachian Plateau adjacent to the Allegheny Front. Matrix porosity and permeability averages 5% and 0.07 mD, respectively, but fracture porosity averages 7.8% and can be as high as 30% (Laughrey and Harper, 1996) .
Reservoirs in the Lower Silurian Medina Group sandstones comprise a regional petroleum accumulation covering 117,000 km 2 of the Appalachian Basin foreland. The eastern gas bearing portion of the regional Medina play is a basin center gas accumulation. In contrast, the western part contains conventional oil and gas accumulations with hybrid features of basin center accumulations (Ryder and Zagorski, 2003) . The stratigraphically equivalent Tuscarora Sandstone increases the area of this regional accumulation by another 78,000 km 2 . The sandstones were deposited as part of the clastic wedge that formed during the terminal phase of the Taconic orogeny. Thickness of the clastic wedge ranges from 172 to 183 m in central Pennsylvania and northern West Virginia depocenters to about 30 m or less in southern and central Ohio, northern New York, and southern Ontario in Canada. These sandstones are tight gas reservoirs with average porosity of 7.8% and low permeability (<0.1 mD) in which most of the porosity is secondary due to diagenetic leaching.
Thermal and burial history
New data on thermal maturation of lower Palaeozoic sediments in the Appalachian Basin (Repetski et al., 2008) approximates a vitrinite R o = 5%. Modeling of the thermal history of the northern Appalachian Basin (Rowan, 2006; Repetski et al., 2008) shows that at maximum burial during the Alleghenian orogeny Silurian and Ordovician age sediments reached temperatures on the order of 250-300°C. These temperatures are supported by evidence for mineral reactions such as formation of pyrophyllite from kaolinite and quartz (Harrison et al., 2004 , and references therein) and fluid inclusion studies (Kisch and van den Kerkhof, 1991; Cook et al., 2006; O'Kane et al., 2007; Onasch et al., 2009) . Such temperatures are generally assumed to be the maximum temperature for preservation of low molecular weight hydrocarbons in sedimentary rocks (Hunt, 1996) .
Sample collection and analysis
We collected and analyzed 61 new samples of gas from reservoirs of Silurian and Ordovician age in Ohio, Pennsylvania, New York, West Virginia and Kentucky. The geographic distribution and stratigraphic setting of the reservoirs is shown in Figs. 1 and 2, respectively. The gases were collected from reservoirs that range in depth from 1.5-4.0 km. At depths <1.9 km they produce hydrocarbon liquids (oil and condensate) as well as gas. We classify these gases as oil associated gases (OAG). Reservoirs at greater depth do not produce hydrocarbon liquids and the gases are classified as non-associated gases (NAG).
All samples were collected at the wellhead in stainless steel vessels at wellhead pressure, or through a pressure regulator in aluminium Isotubes Ò at lower pressure. Analyses were performed at Isotech Laboratories, Inc. using standard analytical protocols. Individual hydrocarbons were separated by cryogenic techniques or on-line gas chromatography. Isotopic compositions are reported relative to Peedee belemnite (VPDB) standard for carbon and relative to standard mean ocean water (SMOW) for hydrogen. Precisions for individual components in the molecular analysis are ±2% and ±0.1‰ for d 13 C by cryogenic separation and ±0.3‰ for Table 1 . In addition, where appropriate, we have used data from gas reservoirs of equivalent age from the central Appalachian Basin to compare with our results (Dennen et al., 2007) .
Results
Hydrocarbons
Standard displays of the isotopic composition of methane are shown in Figs. 3 and 4. The Bernard plot (Bernard et al., 1976) in Fig. 3 shows that the carbon isotopic composition of methane becomes progressively enriched in 13 C as the methane content increases from the OAG to the NAG, although the NAG in Ordovician age reservoirs shows wide scatter in isotopic composition. The Schoell plot (Schoell, 1983) Fig. 4 shows two distinctly different trends in the measurements. The points along the line labeled ''maturation trend" include measurements on all the OAG and the NAG in reservoirs shallower than 2600 m. Along this trend both 13 C and 2 H and become isotopically heavier with increasing methane content, typical for increasing levels of thermal maturation. This trend is similar to the trend of methane compositions from experimental cracking of middle Ordovician age organic matter at progressively higher temperatures (Berner et al., 1995) . Furthermore, the trend extrapolates to the range of isotopic compositions measured on organic matter from middle Ordovician age source rocks (Mastalerz et al., 2003 , discussed further below). In the second trend, methane in the deepest samples of NAG in Ordovician age reservoirs becomes progressively depleted in 2 H as the methane becomes enriched in Compound specific d 13 C of C 1 to C 4 displayed in natural gas plots (Chung et al., 1988) shown in Fig. 6 show distinct differences between OAG and NAG. The OAG compositions, (Fig. 6A ) approximate the linear trends predicted for gases generated by Rayleigh-type fractionation with the model described by Chung (Chung et al., 1988; Rooney et al., 1995) . The trends for C 2 to C 4 extrapolate to a possible source composition that is consistent with the most isotopically enriched end member of the two types of organic matter observed in source rocks of middle Ordovician age (Hatch et al., 1987; Mastalerz et al., 2003) . The slopes of the trends are also consistent with theoretical kinetic isotope effects (KIEs) calculated with an ab initio model of isotope fractionation at temperatures between 127°C and 227°C (Tang et al., 2000) . The deviation of methane from the normal trend may be due to addition of a small amount of more thermally mature methane. The natural gas plot of the NAG ( To provide additional information to constrain the origin of the reversals in the carbon isotopic compositions we analyzed the 2 H compositions of the C 2 + gases. Only a subset of the samples was available for additional analysis. All measurements are listed in Table 1 and representative measurements for individual accumulations are shown in Fig. 7 . The OAG show enrichment in 13 C and 2 H with increasing carbon number as observed in OAG in other parts of the Appalachian basin (Barker and Pollock, 1984; Sherwood Lollar et al., 2002; Dennen et al., 2007) and other sedimentary basins (Prinzhofer and Huc, 1995; Hulston et al., 2001 these measurements on a Schoell plot (Fig. 4) with our measurements on methane and include OAG from Ordovician age reservoirs in the central Appalachians (Dennen et al., 2007) , the gas measurements fall on two parallel trends that extrapolate to the measurements on source organic matter. Furthermore, the hydrocarbon liquids produced with gases on the two parallel isotopic trends are also consistent with sources that contain the two end members of middle Ordovician age organic matter. The liquids most depleted in 13 C show odd carbon predominance in the n-alkanes typical for liquids generated from G. prisca-rich organic H, typical of a maturation sequence (Schoell, 1983) . This trend extrapolates to the isotopically enriched compositions of middle Ordovician age organic matter (Hatch et al., 1987; Mastalerz et al., 2003) . Additional data for OAG from reservoirs in Virginia (VA) and Tennessee (TN) (Dennen et al., 2007) fall on a parallel line that extends to the isotopically depleted compositions of possible middle Ordovician sources. The OAG from VA and TN are associated with oils with characteristics consistent with generation from G. priscarich organic matter (Dennen et al., 2007) . The second trend (R 2 = 0.80) extends through the measurements in the Ordovician NAG in the deepest reservoirs and shows distinct depletion in 2 H as methane becomes progressively more enriched in 13 C. The extension of this trend to the box labeled ''late-stage CH 4 " is discussed in the text.
matter (Dennen et al., 2007) whereas the liquids produced with isotopically heavier gases do not (Burruss and Ryder, 2003) consistent with the range of compositions of extracts from source rocks of this age (Hatch et al., 1987) . These observations establish a strong correlation between the gases and source rocks in the Utica Formation and the stratigraphically equivalent Antes Formation in the northern Appalachian basin.
Identification of mixing and alteration effects
The range of isotopic compositions of middle Ordovician age organic matter suggests that some part of the range of isotopic compositions of gases, including isotopic reversals was caused by mixing of gases. The other possibility, given the maximum temperatures achieved during burial history of the deepest samples, is that hydrocarbons were lost from the system by cracking or oxidative reactions. Loss of significant fractions of the original concentrations of ethane and propane could lead to shifts of isotopic composition to heavier values through Rayleigh-type fractionation. We used standard diagnostic plots of isotopic composition and concentration of individual components (Kendall and Caldwell, 1998) to separate the effects of mixing and Rayleigh fractionation. Fig. 9 illustrates our process for identifying the effects of mixing and Rayleigh fractionation on ethane (analysis of the measurements on propane is consistent with this approach but the dataset is smaller). Individual components of mixed gases should plot on straight lines as a function of the inverse of concentration (Kendall and Caldwell, 1998) . Ethane compositions for the OAG in Ordovician and Silurian age reservoirs and the NAG in Silurian age reservoirs form a linear array (Fig. 9A) . The equation for a line fit to these points results in progressive depletion of ethane 13 C with decreasing concentration. The NAG in Ordovician reservoirs (Fig. 9A ) contain less than 2 mol% ethane and the points scatter randomly with no evidence of mixing trends. Rayleigh-type fractionation should cause the isotopic composition to be a linear function of the natural logarithm of the concentration. The measurements for ethane in NAG (Fig. 9B) show wide scatter and no single linear trend is obvious. However, if we make models using theoretical fractionation factors (Tang et al., 2000) between 200°C and 300°C (a = 1.022 and a = 1.015, respectively), and starting compositions along the mixing trend (Fig. 9A) , then at an ethane concentration of 1.2 mol% and d 13 C 2 = À48‰, the C variations in the NAG with the same theoretical trends for cracking from the isotopically depleted end of the range for source rocks of middle Ordovician age. All C 1 to C 3 gases are isotopically reversed. The point labeled ''possible endmember" is a hypothetical isotopic composition for ethane generated at temperatures between 127 and 227°C from isotopically depleted middle Ordovician source rocks. Rayleigh-type fractionation trends (Fig. 9B ) span the range of most of the measurements on the NAG.
When the mixing and Rayleigh-type fractionation models for ethane ( Fig. 9A and B, respectively) are plotted on a linear concentration scale (Fig. 10) , reasonable fits to the measurements converge toward an end-member composition of 1.2 mol% C 2 with d 13 C 2 $ À48‰. Although this isotopic composition of ethane is a relatively depleted compared to ethane in most thermogenic natural gases, it is consistent with a model composition for hydrocarbon gases generated from isotopically depleted G. prisca rich organic matter. This is indicated by the point labeled ''possible end member" in the natural gas plot for the NAG (Fig. 6B) .
Methane
The variation of d
13
C with methane concentration in the total gas (Fig. 11) shows a linear array of points that include all the OAG and the NAG in the shallowest reservoirs of Silurian and Ordovician age. Most of the samples in this array (shown with a line to guide the eye) fall along the maturation trend on the Schoell plot that extrapolates to the isotopic compositions for G. prisca rich organic matter (Fig. 4) consistent with primary source control on the composition. However, samples from the deepest NAG reservoirs form a more poorly defined array (dashed line) in which d 13 C changes rapidly with increasing C 1 concentration. The apparent change in slope between these two arrays of points is consistent with the reversal in slope on the Schoell plot (Fig. 4) and the change in variation of d 2 H in C 1 with depth (Fig. 5) . The methane carbon and hydrogen isotopic compositions and concentration in the NAG from deepest reservoirs do not appear to be consistent with an origin from thermal cracking from primary source organic matter or high molecular weight products from the source. This strongly suggests that other geochemical processes are controlling the isotopic composition of methane in the deepest samples.
Geochemical processes 4.2.1. Ethane and propane destruction
Although the deepest samples come from production depths of about 4 km, estimates of maximum burial based on thermal maturity (Repetski et al., 2008) are 10-12 km. At geothermal gradients of 20-30°C/km, maximum source and reservoir temperatures reached about 200-350°C. At these temperatures, the hydrocarbon reactions can be impacted by the presence of water (Lewan, 1997) and redox active transition metals (Seewald et al., 2006) . For example, ethane could be lost by partial reduction with ferrous iron and water (note: In reactions that follow, stoichiometric compositions for magnetite and hematite are shown as proxies for Fe 2+ /Fe 3+ or other redox couples in more complex oxyhydroxide and aluminosilicate phases in sedimentary rocks):
In the absence of transition metal redox couples, ethane can be lost through pyrolysis reactions, such as or:
The isotopic composition of the residual ethane is controlled by KIEs (Hayes, 2001 ) and the magnitude of the KIE at any temperature is controlled by bond energies (Tang et al., 2000) . The extent of fractionation of the residual gas can be modeled as a Rayleightype process (Rooney, 1995) . Ab initio calculated fractionation factors for ethane and propane loss at 200-300°C will generate the observed isotopic compositions by destruction of 60-70% of the initial concentration of the gas (Fig. 9B) . For Rayleigh-type fractionation to be the dominant control on the isotopic composition, the system must contain a finite amount of ethane and propane that is not replenished by continued generation in source rocks. The fact that only NAG show evidence of Rayleigh-type fractionation implies that a gas source from late stage oil cracking is not present, probably because oil cracking has gone to completion. This is consistent with experiments on gas generation from thermally mature organic matter (Lorant and Behar, 2002) and with observations of pyrobitumen in these reservoirs (Laughrey and Kostelnik, 2007 (Gherardi et al., 2005; Giggenbach, 1987) . In systems where the concentrations of ethane and propane are abundant enough to allow isotopic analysis (Des Marais et al., 1981) partial reversals are observed. Recent work on Italian geothermal systems (Gherardi et al., 2005) shows one system with a normal 13 C sequence and two systems with d 13 C 1 > d 13 C 2 . A recent experimental study (Pan et al., 2006) examined the molecular and isotopic changes in hydrocarbon gases by oxidation reactions with sulfur species and magnetite and hematite. The isotopic shifts observed are similar to those we observe, but the magnitudes are not consistent with a Rayleigh fractionation model. (Tang et al., 2000) ). (Kendall and Caldwell, 1998) between OAG with about 12 mol% ethane and NAG with about 1.2 mol% ethane and Rayleigh-type fractionation starting 1.2 mol% ethane with d 13 C 2 = À48‰ and fractionation factors expressed in per mil at 200°C and 300°C (Tang et al., 2000) . Mixing with latestage CH4 ? Fig. 11 . Variation of methane isotopic composition with concentration. The maturation and mixing trend (dash-dot line to guide the eye) includes gases in the shallowest OAG in Silurian age reservoirs and shallower NAG in Silurian and Ordovician age reservoirs. These points fall along the maturation trend on the Schoell plot (Fig. 4) . A possible second mixing trend (dashed line to guide the eye) in the deepest NAG is consistent with the trend on the Schoell plot that extends to a hypothetical ''late-stage CH 4 ". The sample that deviates the most from these trends is the Wolpert #1 well (within box) that contains measureable H 2 S. Methane concentration and isotopic composition in this sample may be affected by TSR. See text for discussion.
Late stage methane reactions
In contrast to the changes in ethane and propane isotopic compositions, the methane isotopic composition appears to be dominated by mixing with late stage methane that is enriched in 13 C but depleted in 2 H (Fig. 4) . One mechanism than can cause 2 H depletion in CH 4 is isotopic exchange of hydrogen with formation water. Fractionation factors calculated for temperatures of 200-300°C that are based on exchange experiments between water and methane (Horibe and Craig, 1995) (Breen et al., 1985; Dresel, 1985) . Methane equilibrated with water of this composition at temperatures of maximum burial in the Appalachian basin will have d 2 H compositions of about À183‰ to À160‰, well within the range needed for a possible end member. Hydrogen isotope exchange between water and methane has been observed in geothermal gases, but not reported before for natural gas accumulations. Recently published experimental work (Seewald et al., 2006) provides additional evidence for hydrogen isotopic exchange between methane and water.
In deeply buried parts of the Appalachian basin that underwent metamorphism, late stage methane generation could occur in carbonaceous metasediments through reactions documented in metamorphic rocks (Burruss, 1993) such as:
Given the low CO 2 content (<1.5 mol%, with most <0.5 mol%, Fig. 8C ) of these gases, reaction (4) alone cannot be the dominant source of late stage methane without loss of most of the co-generated CO 2 . However, at the depths and temperatures of maximum burial in the Appalachian basin, the carbonaceous material will be residual kerogen or pyrobitumen from oil cracking and not pure graphite.
If the H/C ratio of solid organic matter is on the order of 0.2 (approximately the ratio at anthracite coal rank), then reaction (4) can be rewritten as:
causing a lower and variable ratio of CH 4 to CO 2 rather than a 1:1 ratio required by reaction (4). If a redox couple is present, then reaction (7) in which C represents residual kerogen or pyrobitumen
could generate late stage methane. As written, reaction (7) is a reaction in which water is reduced by Fe 2+ to yield hydrogen that can react with residual carbonaceous material to form methane. Although evidence for isotopic exchange between CH 4 and H 2 O has been discussed in hydrothermal systems, we believe our observations provide the first possible evidence for hydrogen isotopic exchange between CH 4 and H 2 O in commercial natural gas accumulations. Although we know that hydrogen isotopic exchange between hydrocarbons and water occurs in nature (Schimmelmann et al., 2006) , it is clear that the alkanes are the most resistant to exchange (Schimmelmann et al., 2006) and methane should be the least reactive alkane. However, we also know from experimental studies to measure equilibrium isotopic exchange factors that exchange is facilitated by chemical reactions that involve the molecular species involved in the isotopic exchange (Cole and Chakraborty, 2001) . Therefore, if the water-rock-gas environment during deep basin burial can drive reactions such as 1, 2, 4, 6, or 7 that involve methane and water, there should be a high potential for isotopic exchange.
Origin and implications of isotopic reversals in natural gas
Gases in the deep Appalachian basin
Two processes, mixing and Rayleigh-type fractionation, appear to be responsible for the isotopic reversals observed in the deep Appalachian basin. Although mixing has been proposed as the cause of partial reversals observed in previous work in the Appalachian basin (Jenden et al., 1993; Laughrey and Baldassare, 1998) we cannot make an internally consistent mixing model using only the compositions of the NAG and OAG to reproduce the complete reversals we observe. This is due to the fact that the observed isotopic composition of ethane does not change monotonically with molecular concentration (Fig. 10 ). An end member with an intermediate concentration of isotopically light ethane is required. Isotopically light G. prisca rich organic matter is the probable source of that end member gas that is consistent with the geologic setting of the samples. This end member gas is then fractionated by Rayleigh-type processes that destroy ethane and propane, driving the isotopic compositions of the components to progressively heavier values. Rayleigh-type fractionation can cause isotopic fractionation only in systems that have an initial fixed concentration of the component being fractionated. If ethane is continuously replenished by cracking of higher hydrocarbons at the same time it is cracking or being oxidized, a steady state isotopic composition would be attained, not progressively heavier compositions. This appears to be the case in the deep Appalachian basin because all of the NAG are truly non-associated. No higher hydrocarbon liquids are present that could crack to small molecules and continuously generate ethane.
Methane in the deepest reservoirs with d 13 C and d 2 H that plot on mixing trend 2 (Fig. 4) clearly requires a source of gas that is isotopically enriched in 13 C, commonly called ''super mature" methane, but which is isotopically depleted in 2 H. This could be late stage methane generated from more deeply buried Utica Shale that has undergone the initial stages of metamorphism that has equilibrated with formation water during tectonic burial during the Alleghanian orogeny. Burial history modeling of the deepest part of the Appalachian basin beneath the eastern margin of the fold and thrust belt (Rowan, 2006) shows that Ordovician age source rocks reached the oil window before accumulation of thrust sheets during Alleghanian deformation. Therefore hydrocarbon liquids and gases with a range of isotopic compositions generated from different organic matter facies within the source rock could have mixed during accumulation in traps beneath the Alleghanian foreland sediments. As the Alleghanian orogeny continued, thrust sheets overrode the thickest sequence of pre-Devonian sediments, pushing source rocks and previously accumulated hydrocarbons to depths of 10-12 km. At the maximum temperatures of burial, the higher hydrocarbons were cracked and residual ethane and propane were progressively destroyed, causing isotopic compositions to shift to heavier values through Rayleigh fractionation. Late stage methane re-equilibrated with formation water and mixed with residual accumulations of hydrocarbon gases.
Although we are invoking multiple stages of hydrocarbon generation and migration to drive the mixing and alteration processes required to explain isotopic reversals, this not uncommon in foreland fold-and-thrust belts like the Appalachian Basin. Furthermore, there are a number of fluid inclusion studies that document multiple stages of migration of hydrocarbons and formation waters during deformation of the Appalachian basin (Evans and Battles, 1999; O'Reilly and Parnell, 1999; Harrison et al., 2004; Cook et al., 2006; O'Kane et al., 2007; Onasch et al., 2009 ) including methane-rich gas migration in Ordovician age rocks that underwent the initial stages of burial metamorphism (Kisch and van den Kerkhof, 1991) in the deeply buried part of the basin.
Comparison with other deep basin gas accumulations
If our explanation of progressive depletion of 12 C in ethane and propane through redox reactions is correct, then isotopic reversals of these gases may be evidence of limits to the stability of hydrocarbon gases in sedimentary basins. Partial reversals are observed in gases in the deep Rotliegendes Basin with d 13 C 1 < d 13 C 2 and d 13 C 2 > d 13 C 3 and d 13 C 2 = À17 to À21 (Mueller and Schulz, 2004) .
Methane and ethane isotopic compositions are heavier than we observe and not reversed but may also be evidence of resource limitation by redox reactions. Natural gas plots to estimate the isotopic composition of the source material always yield isotopic compositions that are much heavier (d 13 C > À20‰) than any possible source material. This suggests that Rayleigh fractionation during deep burial is driving the isotopic compositions of all the hydrocarbon gases, including methane, to heavier values. In this case, all the hydrocarbon gases are being destroyed by fluid-rock reactions, suggesting that deeper, economic accumulations of natural gas are unlikely.
Conclusions
We have documented complete reversals in the normal trend of carbon isotopic composition of methane, ethane and propane in NAG in the deepest reservoirs of Silurian and Ordovician age in the northern Appalachian basin. OAG and NAG in shallower reservoirs are not reversed or only partially reversed. The 13 C and 2 H compositions of methane in OAG and shallow NAG are consistent with generation of gases from middle Ordovician age source rocks that have isotopic compositions that span the full range of isotopic compositions observed in rocks of this age. The 2 H compositions of methane show a reversal in the normal trend of enrichment with increasing depth to a trend of progressive depletion with depth. The 2 H compositions of methane and ethane in OAG and NAG are also reversed. Using a combination of mixing of gases and Rayleigh fractionation models, we have modeled the isotopic compositions of gases across the full range of normal to fully reversed isotopic compositions. Rayleigh-type fractionation of the higher hydrocarbons requires processes that destroy these components. We have proposed that these reactions involve redox reactions with transition metals and water at late stages of diagenesis at temperatures on the order of 250-300°C. Ab initio calculated fractionation factors for C-C bond breaking in ethane at these temperatures are consistent with the observed variations in concentration and carbon isotopic composition. The reversal in the 2 H composition of methane can be explained by mixing with a late stage, super mature methane that has isotopically exchanged with formation water at these temperatures.
Our interpretation that Rayleigh fractionation during redox reactions is causing isotopic reversals has important implications for natural gas resources in deeply buried sedimentary basins. In this scenario isotopic reversals between ethane and propane are a signal that all higher hydrocarbons have been depleted from the petroleum system. In the case of the Appalachian basin described here, there appears to be addition of late stage methane to the system that may be important for the economic resource potential in the deep basin. However, in other deep basins, such as the Rotliegendes, isotopically heavy gases, with partial reversals may be indicating progressive loss of all hydrocarbon gases including methane.
In any case, unraveling the complex processes that create and limit the size of natural gas resources in deep basins will require detailed, compound specific isotopic analyses of the gases using both 13 C and 2 H. Those observations, combined with molecular analysis, provide the maximum amount of information available to interpret the history of hydrocarbon accumulation and the resource potential for natural gas in deep basins.
